One of the many roles of tumor necrosis factor (TNF)-α is to control mammalian corpus luteum (CL) PG synthesis and apoptotic cell death. Here, the cellular localization of TNF-α and its type I (TNF-RI) and type II (TNF-RII) receptors in bovine luteal tissue were analyzed using in situ hybridization, immunohistochemistry, and quantitative realtime PCR. Transcripts for TNF-α were expressed in bovine CL throughout the estrous cycle, but were significantly more abundant (P < 0.01) at the regressed luteal stage than at the other stages. Localization of TNF-α transcripts and protein were observed in large and small bovine luteal cells, as well as in immune cells.
INTRODUCTION
The corpus luteum (CL) is a transient ovarian organ established by cells of the follicle after ovulation. The primary product of the CL, progesterone, is required for the establishment and maintenance of pregnancy (Niswender et al., 2000) . The bovine CL is composed of both steroidogenic luteal cells and nonsteroidogenic cells (i.e., vascular endothelial cells, fibroblasts, and immune cells such as lymphocytes and macrophages; O'Shea et al., 1989) .
Tumor necrosis factor (TNF)-α, a nonglycosylated protein with a molecular weight of 17 kDa, was first described as a tumoricidal factor produced by activated macrophages (Carswell et al., 1975) . This protein has 2 immunologically distinct receptors, type I (TNF-RI; 55 kDa) and type II (TNF-RII; 75 kDa; Tartaglia and Goeddel, 1992) that have different intracellular signaling pathways (Ihnatko and Kubeš, 2007) . It has been demonstrated that TNF stimulates PG production and induces apoptotic cell death of cultured bovine luteal cells (Sakumoto et al., 2000; Taniguchi et al., 2002) . In addition, TNF-α has the capacity to both shorten and prolong the CL lifespan, which depends on its concentration in the cow (Skarzynski et al., 2003 ), suggesting that TNF-α has a key role in regulating bovine CL function. It has previously been shown that mRNA for TNF-α and TNF-RI are expressed in the bovine CL (Sakumoto et al., 2000) ; however, the source and target cells of TNF-α in the bovine CL are not clear. The objectives of the present study were to determine which cell types express TNF-α, TNF-RI, and TNF-RII by measuring the distribution of their mRNA and proteins in the bovine CL from different stages of the estrous cycle, analyzed using real-time PCR, in situ hybridization, and immunohistochemistry.
MATERIALS AND METHODS

Collection of the Bovine Corpus Luteum
Ovaries containing CL from German Fleckvieh cows were collected at a local abattoir within 10 to 30 min of exsanguination in accorance with protocols approved by the local institutional animal care and use committee. The luteal stage was classified as early (2 to 4 d after ovulation), mid (8 to 11 d), late (14 to 16 d), or regressed (19 to 21 d) by macroscopic observation of the ovary (n = 5/stage) as described previously (Okuda et al., 1988; Arosh et al., 2002) . For gene expression studies, the CL were immediately separated from the ovaries then cut into small pieces (<0.8 cm 3 ). These CL pieces were submerged in RNAlater (Qiagen GmbH, Hilden, Germany) and stored at −80°C until use. For histological studies, the CL tissues (n = 3/stage) were cut into small pieces (<1.5 cm 3 ) and fixed in 3.7% paraformaldehyde in PBS for 24 h. Thereafter, samples were dehydrated in a graded series of ethanol, cleared in xylene, and embedded in paraffin.
Real-Time PCR
Total RNA isolation and subsequent reverse transcription and real-time PCR steps were carried out as described previously (Sakumoto et al., 2006) . The primers encoding the bovine sequences were designed and synthesized as listed in Table 1 .
Gene expression was measured by real-time PCR using an iQ5 Real-time PCR analyzing system (Bio-Rad Laboratories Inc., Hercules, CA) and iQ SYBR Green Supermix (170-8880, Bio-Rad Laboratories) starting with 500 ng of reverse-transcribed total RNA. The expression of 18S rRNA (RN18S1) was used as an internal control, and the primer sequences for RN18S1 are shown in Table 1 . The primer length (20 bp) and GC contents of each primer (50 to 60%) were selected to avoid primer dimer formation, and PCR was performed under the following conditions: (first step) 95°C for 75 s; 45 cycles of 95°C for 15 s, 60°C for 30 s and (second step) 95°C for 60 s; then 70 cycles of 60°C for 10 s.
The reaction was then held at 25°C. Each PCR was followed by obtaining melting curves to ensure single product amplification. The cycle number required for achieving a definite SYBR Green fluorescence signal (crossing point) was calculated by iCycler iQ software (Bio-Rad Laboratories). As standard curves, serial dilutions of appropriate cDNA were used for gene quantification. The obtained data were normalized on the basis of RN18S1 mRNA content. Previous studies from our laboratory and by other investigators have validated the use of RN18S1 as a normalizing standard for assessing gene expression at different luteal developmental stages in cows Sakumoto et al., 2010) . Use of the iQ5 Real-time PCR analyzing system at increased temperatures resulted in reliable and sensitive quantification of the reverse-transcription PCR products with high linearity (Pearson correlation coefficient r > 0.98). To exclude the presence of any contaminating genomic DNA, all experiments included controls lacking the reverse-transcription enzyme. As a negative template control, water was used in place of RNA for the reverse-transcription reaction to exclude the presence of any contamination from buffers and tubes. The PCR products for TNF-α, TNF-RI, and TNF-RII were sequenced and confirmed to be 100% homologous with their bovine sequences (GENterprise, Mainz, Germany).
In Situ Hybridization
Messenger RNA localization of TNF-α, TNF-RI, and TNF-RII were achieved using in situ hybridization as described previously (Sinowatz et al., 2006) . Briefly, 6 sections (5 µm/each) were prepared from CL of mid-luteal stage (n = 3) and were mounted on slides (SuperFrost Ultra Plus; Menzel-Gläser, Braunschweig, Germany) precoated with aminopropyltriethoxysilane (APES). All solutions for in situ hybridization were prepared using diethylpyrocarbonate-treated water and glassware sterilized at 200°C. All steps before and during hybridization were conducted under ribonucleasefree conditions. Sections were deparaffinized with xylene (3 × 5 min), immersed in isopropanol (3 × 5 min), and then allowed to air dry. Dried sections were submerged in 2× saline sodium citrate prewarmed (80°C) in a water bath for 10 min and were then left at room temperature (RT) for 20 min. Slides were then washed in distilled water (2 × 5 min), 50 mM Tris-buffered saline (TBS, pH 7.4; 2 × 5 min), and incubated for 20 min with 0.05% proteinase E (VWR, Ismaning, Germany) in TBS at RT. After washing in TBS (2 × 5 min) and distilled water, sections were dehydrated in an ascending graded series of isopropanol and air-dried. Hybridization was carried out by overlaying the dried sections with 40 µL of the corresponding biotinylated oligonucleotide probe (100 pmol/µL), diluted 1:20 in in situ hybridization buffer (DAKO Cytomation Inc., Carpinteria, CA), and incubation under a coverslip in a humidified chamber at 38°C overnight. Afterward, slides were washed in 2× saline sodium citrate (2 × 15 min), prewarmed to 38°C, and TBS (3 × 5 min). Detection of transcripts was performed using a streptavidin-biotin peroxidase complex (ABC) kit (K0377, DAKO Cytomation Inc.). The sections were then reacted with ABC reagent for 30 min at RT. The bound complex was made visible by reaction with 3, 3′-diaminobenzidine tetrahydrochloride (DAB) in solution buffer (K3465, DAKO Cytomation Inc.) for 3 to 8 min at RT. For negative controls, parallel sections were hybridized either with the sense oligonucleotide probe or with buffer alone. The sequences of the antisense oligonucleotides were as follows: TNF-α: 5′-CATCCTGTCTGCCATCAAGA-3′; TNF-RI: 5′-GTGGAGATTTCGCCTTGTGT-3′; and TNF-RII: 5′-CAGGCTGTGTTTACCCCCTA-3′.
Immunohistochemistry
Antigen localization of TNF-α, TNF-RI, and TNF-RII was achieved using the streptavidin-biotin-horseradish peroxidase complex technique (Kenngott and Sinowatz, 2008) . Six sections (5 µm) were prepared from CL of each stage (n = 3) and were mounted on slides coated with APES. To expose antigenic sites, dewaxed sections were heated 4 times to 95°C in a 600-W microwave oven in citrate buffer (pH 6.1) for 5 min and allowed to cool for 20 min at RT. Endogenous peroxidase activity was then eliminated by incubation with 0.3%H 2 O 2 in 70% methanol for 10 min at RT. Nonspecific protein binding was eliminated by incubation with Protein Block Serum-Free (X0909, DAKO Cytomation Inc.) for 10 min at RT. Sections were then treated with the following antibodies: TNF-α (kindly donated by Dieter Schams of the Technical University of Munich, Germany; dilution 1:4,000), TNF-RI (ab19139, Abcam plc., Cambridge, UK; dilution 1:50,000), and TNF-RII (ab15563, Abcam; dilution 1:5,000). To determine the localization of the immune cells and steroidogenic luteal cells, the antibodies to CD8 (MCA877G, AbD Serotec, Kidlington, UK; dilution 1:500) and cytochrome P450 side chain cleavage enzyme (CYP450, 12-1244; American Research Products Inc., Belmont, MA; dilution 1:200) were also used. Incubation was performed for 18 h at 4°C in a humidified chamber. After being washed with 0.1 M PBS (3 × 3 min), the sections were incubated with biotinylated swine anti-rabbit IgG (E0431, DAKO Cytomation Inc.; dilution 1:300) for 30 min at RT. The sections were then reacted with ABC kit for 30 min at RT. The bound complex was made visible by reaction with DAB in solution buffer for 3 to 8 min at RT. Sections were counterstained in Mayer's hematoxylin, dehydrated, and mounted with DePeX Eukitt (Riedel de Haen, Seelze, Germany). As a negative control, an antibody dilution buffer (S3022, DAKO Cytomation Inc.) was used instead of the specific first antibody.
Statistical Analyses
Experimental data for real-time PCR are presented as the mean ± SEM. The statistical significance of differences in the abundance of mRNA expression was assessed by 1-way ANOVA with the KaleidaGraph 3.6 (Synergy Software., Reading, PA) software package. When ANOVA showed a significant effect of stage, the stages were compared by the Bonferroni posthoc multiple comparison test. A P-value <0.05 was considered statistically significant.
RESULTS
Expression of TNF-α, TNF-RI, and TNF-RII mRNA in the Bovine CL
Specific transcripts for TNF-α, TNF-RI, and TNF-RII were detected in the bovine CL throughout the estrous cycle. Transcripts of TNF and TNF-RII were more abundant (P < 0.01) in the regressed stage of the estrous cycle ( Figures 1A and 1C) , whereas the expression of TNF-RI mRNA did not change (P > 0.05) during the estrous cycle ( Figure 1B ).
Localization of TNF-α, TNF-RI, and TNF-RII Transcripts and Proteins in the Bovine CL During the Estrous Cycle
Expression of TNF-α mRNA and protein were observed in the cytoplasm of bovine large and small luteal cells, as well as immune cells in the bovine CL during the estrous cycle (Figures 2A and 3) . Messenger RNA for TNF-RI and TNF-RII were expressed both in the large and small luteal cells in the bovine CL ( Figures  2B and 2C) , and their proteins were also expressed in the immune cells and endothelial cells throughout the estrous cycle (Figures 4 and 5) . Positive immunoreactivities of CD8 and CYP450 were observed in several cells of bovine CL, and these cells could be defined as T-cells and steroidogenic luteal cells, respectively (Figures 3E and 3F) .
DISCUSSION
The present study shows that TNF-α mRNA expression in the bovine CL was more abundant at the regressed stage than at the other stages. Apoptotic cell death occurs during structural luteolysis in a variety of species, including cows (Niswender et al., 2000) . It is known that TNF-RI has a death domain in its intracellular signaling cascade (Ihnatko and Kubeš, 2007) and is recognized as a cell death-inducing factor (Okuda and Sakumoto, 2003) . It has been demonstrated that TNF-α induces interferon-γ-and Fas-mediated apoptotic cell death in bovine luteal cells by increasing caspase-3 activation (Taniguchi et al., 2002) . Furthermore, TNF induces a significant increase in the expression of major histocompatibility class I glycoproteins in cultured bovine luteal cells (Benyo and Pate, 1992) . It is hypothesized that these glycoproteins are recognized by cytotoxic T lymphocytes in order for the T lymphocytes to phagocytize luteal cells (Benyo and Pate, 1992) . Hence, it was expected that at least TNF-RI mRNA expression would be increased in the bovine CL of late and regressed luteal stages. However, the pres- ent quantitative study demonstrated that the TNF-RI mRNA expression in the bovine CL did not change significantly during the estrous cycle. These data contrast with those showing TNF-RI mRNA expression being greater in the CL of developing (Sakumoto et al., 2000) and regressed stages (Korzekwa et al., 2008) than the other stages using semiquantitative analyses. An explanation for the paradoxical results is unknown. Because the concentrations of TNF-α in the bovine CL are greatest at the late and regressed stages (Shaw and Britt, 1995; Penny et al., 1999; Sakumoto et al., 2000) , the actions of TNF-α on bovine CL cells may depend on the concentration of TNF rather than the amounts of TNF-RI.
In contrast to the role of TNF-RI, the role of TNF-RII in the ovary is poorly understood. The TNF-RII was found in the granulosa cells of porcine ovary (Nakayama et al., 2003) and the CL in rats (Abdo et al., 2008) and primates (Peluffo et al., 2009 ). The TNF-RII mRNA expression was greatest in the CL of the re- gressed stage in this study. This result is in agreement with a recent study in which TNF-RII mRNA was evaluated by semiquantitative PCR using another primer pair (Korzekwa et al., 2008) . Unlike TNF-RI, TNF-RII lacks a cytoplasmic death domain, but it may have a role in regulating apoptosis through TNF-RI (Gupta, 2002) . For example, TNF-RII was found to upregulate endogenous membrane-bound TNF production and to enhance TNF-RI-mediated apoptosis after autotropic and paratropic stimulation of TNF-RI (Grell et al., 1999) . These findings suggest that TNF-RII may upregulate apoptotic signaling of TNF-RI in the bovine CL at the regressed stage.
Tumor necrosis factor-α is produced by immune cells of many species and by granulosa cells of cows (Roby and Terranova, 1989) , pigs (Nakayama et al., 2003) , rats (Roby and Terranova, 1989) , and humans (Roby et al., 1990) . In this study, positive immunologic staining for TNF-α was observed in several cell types in the bovine CL. The positive cells of CD8 were also observed in the CL cells. Although these results did not correlate with each other, they may indirectly support the idea that some of the TNF-α positive cells observed in this study may be immune cells. Because the large luteal cells are derived from granulosa cells (Alila and Hansel, 1984) , it was expected that bovine large luteal cells would express TNF-α. In the present study, several cell types in the bovine CL expressed positive immunological staining for CYP450, suggesting that these cells are steroidogenic large and small luteal cells. These results support that both the large and small luteal cells may express TNF-α, as well as TNF-RI and TNF-RII, suggesting that the TNF produced by these cells acts as an autocrine regulator of luteal cell function.
The bovine CL is known as a transient organ, and its formation is accompanied by intensive vascularization. Endothelial cells of bovine CL secrete various substances that regulate luteal cell function, including endothelin-1, PG, and monocyte chemoattractant protein-1 (Girsh et al., 1996; Okuda et al., 1999; Cavicchio et al., 2002) . Several vasoactive and angiogenic factors that are produced in the bovine CL participate in interactions between the endothelial cells and steroidogenic luteal cells (Miyamoto et al., 2009) , which suggests that TNF-α produced by luteal cells and immune cells affects endothelial cell function in the CL. In this study, immunoreactivities for TNF-RI and TNF-RII were observed in several cell types in the CL tissues. Some of these TNF-RI-and TNF-RII-positive cells may be vascular endothelial cells (Hojo et al., 2009 ), which suggests that TNF affects endothelial cell function, as well as luteal cell function in cows. It has been demonstrated that TNF-α induces cell death of cultured endothelial cells derived from bovine CL, and its action is mediated at least by TNF-RI (Pru et al., 2003) . Apoptotic cell death of endothelial cells has been observed in bovine CL during structural luteolysis (Friedman et al., 2000) . We recently demonstrated that the capillaries disappeared earlier than the large blood vessels during structural luteolysis in cows (Hojo et al., 2009 ). Together, these findings suggest that the increased TNF-α expression in bovine endothelial cells during luteolysis promotes the apoptosis of endothelial cells and the subsequent degeneration of capillaries in the CL.
In conclusion, this study suggests that TNF-α is present both in the large and small luteal cells, and in immune cells in bovine CL throughout the estrous cycle, and its concentration is greater at the regressed luteal stage than at the early, mid, and late stages. Both receptors of TNF-α may be present in not only the large and small luteal cells, but also the endothelial cells, and the abundance of TNF-RII mRNA is greatest in the regressed CL. These results suggest that TNF-α secreted by luteal and immune cells plays an autocrine or paracrine role in regulating luteal function throughout the estrous cycle in cattle via its specific receptors, TNF-RI and TNF-RII.
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